Biological invasions are a great threat to local and global biodiversity ( Zayed et al., 2007 ) . These invasions may be effective in transforming native ecosystems by changing fundamental ecosystem processes, structure, and function ( Mack et al., 2000 ) , as well as plant community composition and diversity, nutrient dynamics, and associated food webs ( Siemens and Blossey, 2007 ) . Loss of biodiversity, native species extinctions, and increasing global economic expenditure on environmental remediation are major concerns to conservation biologists, plant community ecologists, and land managers ( Pimentel et al., 2000 ; Silliman and Bertness, 2004 ; Pisula and Meiners, 2010 ) . Many studies have been conducted to identify the mechanisms of plant invasiveness such as life history characteristics, physiological properties, changes in genetics, resource competition, and in more recent years, allelopathy ( Pisula and Meiners, 2010 ) . In many highly visible and aggressive species such as Phragmites australis , it is assumed by many land managers and ecologists that physical competition for space and resources is the major driving factor of invasion even when evidence is increasing that allelopathy is an alternative mechanism playing a role in the success of those plant invaders ( Catford et al., 2009 ). Allelopathy may be defi ned as the inhibition of any aspect of growth and development of one species by another species through the release of secondary metabolites (allelochemicals) to the environment . Allelopathy as an invasion strategy has effects on seed germination, seedling growth, development and establishment of neighboring plant species, as well as the same species, in both natural and agricultural systems ( Dorning and Cipollini, 2006 ; Lara-Núñez et al., 2006 ) . Because of the less visually obvious effects of allelopathy on plant species, land managers place more emphasis on the more directly observable competition for resources. The mechanisms involved in invasiveness are diffi cult to determine and are often species-specifi c and context dependent. Allelopathic potential is, however, an important attribute to the success of many invasive species in ecosystems such as grassland, forests, and wetlands ( Callaway and Ridenour, 2004 ) . Allelochemicals are released from plants into the rhizosphere through leaching from leaves and other aerial parts, volatilization, root exudation, and residue decomposition ( Weir et al., 2004 ; Uddin et al., 2012 ) . Most allelopathy studies are limited to seed germination and growth interference bioassays using aqueous extracts of invasive plants in the laboratory with very few of these studies carried out in greenhouses and the fi eld ( Rice, 1984 ; Inderjit 1 Manuscript received 16 January 2014; revision accepted 5 February 2014.
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2 Author for correspondence (e-mail: mdnazim.uddin@live.vu.edu.au; naz_es@yahoo.com) • Premise of the study: Invasive plants are a great threat to the conservation of natural ecosystems and biodiversity. Allelopathy as a mechanism for invasion of plants such as Phragmites australis , one of the most aggressive invaders, has the potential to suppress neighboring plant species. Allelopathic interference, through root exudates of P. australis on native Melaleuca ericifolia , was investigated to fi nd out the underlying invasion mechanisms.
• Methods: Germination and growth effects of P. australis on M. ericifolia were studied in the greenhouse using potting mix both with and without activated carbon, and a combination of single and repeated cuttings of P. australis as the management tool.
• Key results: P. australis had signifi cant negative effects on germination and growth of M. ericifolia by inhibiting germination percentage, maximum root length and plant height, biomass, stem diameter, and number of growth points with little effect on leaf physiology. Activated carbon (AC) in turn moderately counteracted these effects. The cutting of P. australis shoots significantly reduced the suppressive effects on M. ericifolia compared to the addition of AC to soil. Furthermore, signifi cant changes in soil such as pH, electrical conductivity, osmotic potential, phenolics, and dehydrogenase activity were identifi ed among cutting treatments with little variation between AC treatments.
• Conclusion: The results demonstrated that allelopathy through root exudates of P. australis had relatively low contribution in suppressing M. ericifolia in comparison to other competitive effects. Management tools combining repeated cutting of P. australis shoots with AC treatments may assist partly in the restoration of native ecosystems invaded by P. australis . [Vol. 101 et al., 2012 ) , root exudation ( Rudrappa et al., 2007 ) , and residue decomposition ( Uddin et al., 2014b ) have shown strong phytotoxic effects on germination, growth, and physiology of other plant species. The phenolic compound gallic acid has been identifi ed in P. australis organs ( Uddin et al., 2014a ) and root exudates ( Rudrappa et al., 2007 ) , and it showed inhibitory effects on germination and growth of various species ( Rudrappa et al., 2007 ) . The fi ndings of Rudrappa et al. (2007) and Bains et al. (2009) regarding the presence of gallic acid in P. australis -infested soil and of high concentration of gallic acid and gallotannins in P. australis rhizomes are now being questioned ( Weidenhamer et al., 2013 ) , but the concerns have been critically addressed in terms of environmental, edaphic, and bio-geographical concepts in our other studies ( Uddin et al., 2014a ) . However, while assays with plant extracts are suggestive of allelopathy, more ecologically realistic experiments are essential to ascertain the true signifi cance of allelochemical interferences. Inderjit et al. (2011) reported root exudates as a potential source of allelochemicals into the environment, but to date, no detailed study has been conducted addressing allelopathy of P. australis in situations that closely approximated natural settings. Again, effectively reducing or preventing the impacts of allelochemicals depends on the ability to distinguish the mechanisms involved in ecological dominance, but little is known about their relative importance with empirical evidence ( Nilsson, 1994 ; Inderjit and Callaway, 2003 ) . This study was aimed at evaluating the allelopathic impact of P. australis root exudates on M. ericifolia in terms of germination, survival, and growth. Activated carbon (AC), an effective neutralizing compound for allelopathic effects ( Callaway and Aschehoug, 2000 ; Prati and Bossdorf, 2004 ) , was used to differentiate between allelopathy and resource competition ( Nilsson, 1994 ; Hierro and Callaway, 2003 ) , and we combined it with mechanical control treatments (shoot cutting) of P. australis . Additionally, the effectiveness of two possible methods (AC addition vs. shoot cutting) was assessed for the ability to reduce the impacts or production of allelochemicals by P. australis . More specifi cally, we asked the following questions: What are the total effects of P.australis on M. ericifolia in terms of germination, growth, and leaf physiology? Does P. australis interfere with M. ericifolia via allellopathic root exudates? Are AC and cutting methods effective in alleviating root-mediated allelopathy? Does AC show any undesirable effects by directly affecting the plant growth and soil chemistry?
MATERIALS AND METHODS
Plant materials -Spring buds of P. australis (rhizome attached) were collected on 8 September 2011 from Cherry Lake (37 ° 51 ′ 30 ″ S, 144 ° 50 ′ 5 ″ E), a coastal wetland in Altona, Melbourne, Victoria, Australia. Each live rhizome was cut to contain exactly one active node. Tube stock of M. ericifolia (6 mo old), grown in potting mix, were purchased from Go Native Landscapes Pty. Ltd. (Inverloch, Victoria, 3996, Australia), which were grown from seeds collected from M. ericifolia stands at Dowd Morass wetland in Inverloch, Victoria, Australia.
Experimental design -Live rhizomes were weighed and planted within 6 h of collection in 7 L plastic pots lined with watertight plastic bags fi lled with 4 L substrate [1:7 mixture of unsterilized river sand and potting mix soil respectively (Earth-wise Growing Essential, Australian Prime Fiber Pty. Ltd., Queensland 4660, Australia)]. The potting mix contained organic materials (pine bark), living organisms (bacteria, fungi, and protozoa) and minerals and fertilizers additives (details on potting mix are in the online Appendix S1, see Supplemental Data with the online version of this article). To half of all pots AC (Steps to Life (Aust) Ltd., Victoria 3140, Australia) was added at a concentration of 40 mL/L substrate according to Jarchow and Cook (2009) . Potting mix et al., 2001 ). In addition, various authors speculate that seed germination bioassay may not be the primary site for allelopathic interactions ( Stowe, 1979 ; Lorenzo et al., 2010 ) .
Phragmites australis , a ubiquitous wetland plant, has been considered one of the most invasive species in the world ( Uddin et al., 2012 ; Weidenhamer et al., 2013 ) , however, the origin of the species is still unclear ( Plut et al., 2011 ) . It is a perennial graminaceous plant, 3-4 m tall, which reproduces mainly through rhizomes, and at low frequency, through seeds. It grows in all temperate zones of the world, and is especially common in North America, Europe, and Australia ( Hocking et al., 1983 ; Morris et al., 2008 ; Kulmatiski et al., 2011 ) . The distribution and abundance of P. australis has expanded over the last 150 yr, and in most areas, it forms dense monocultures ( Saltonstall et al., 2005 ) . Because of the impacts of P. australis invasions, habitats have been diminished or altered signifi cantly for other fl ora and fauna causing loss of biodiversity and ecosystem functions ( Warren et al., 2001 ; Silliman and Bertness, 2004 ) . The most recent studies have shown that the lateral expansion of P. australis occurs at a rate of about 1.5 m/yr ( Minchinton and Bertness, 2003 ) . In addition to ecological impacts, P. australis may cause substantial economic damage. An estimated cost of $25 billion is spent each year in the USA for managing invasive species ( Pimentel et al., 2005 ) . Many multimillion dollar projects have been undertaken in wetland restoration initiatives with particular reference to P. australis invasion in wetlands throughout the world, including the USA, Europe, Canada, and Australia ( Streever, 1997 ; Van der Putten, 1997 ; Silliman et al., 2009 ) . It is generally acknowledged that those restoration projects that involve control of invasive plants such as P. australis might be limited by specifi c knowledge of the species with regard to allelopathy ( Walker et al., 2007 ) . Restoration of ecosystems after the removal of invasive species, particularly allelopathic species, relies heavily on a sound knowledge of biochemical processes ( Siemens and Blossey, 2007 ) .
Melaleuca ericifolia , a native wetland shrub (< 7 m in height), is commonly found in fresh and brackish water swamps across southeastern Australia ( Robinson et al., 2008 ) , and it is a critically important species as a nesting and roosting habitat for water birds that form large breeding colonies. Melaleuca ericifolia -dominated wetlands face a wide range of disturbances that include salinization, contamination with nutrients, and other toxic substances, some of which are derived from other wetland plants ( Chee et al., 2009 ) . Recent studies postulated that invasions of P. australis in M. ericifolia -dominated wetlands might directly disadvantage M. ericifolia by root allelopathy, or indirectly by altering interactions with soil microbes ( Morris et al., 2008 ) . We used M. ericifolia as a test plant and considered the juvenile stage because transplanting juvenile plants is a common practice in wetland and riparian restoration. It is critical that the relationship between P. australis and M. ericifolia be established if already-depleted M. ericifolia wetlands are to be conserved and restored.
Several studies have identifi ed bioactive compounds within P. australis organs that have antialgal, antifungal, or antibacterial effects ( Li and Hu, 2005 ; Hong et al., 2008 ) . Again, some compounds produced by decomposition of below-ground organs of P. australis may be responsible for die-back of P. australis itself ( Armstrong and Armstrong, 1999 ) . Photo-degradation of phytotoxins produced by P. australis may induce severe phytotoxicity on other plant species such as Arabidopsis thaliana and Spartina patens . Previous studies of P. australis regarding water extracts of organs ( Uddin was determined using the method of Gu et al. (2009) with little modifi cation. Briefl y, 2 g fresh-sieved soil (2 mm) and 4 mL of 2 g/L 2, 3, 5-triphenyltetrazolium chloride were mixed thoroughly using a mixer and incubated at 37 ° C in the dark for 24 h. After that, 0.5 mL of 1 M sulfuric acid was added to stop the reaction and centrifuged at 4 ° C and 67 Hz for 10 min with the addition of 4 mL of ethyl acetate. The color intensity of the supernatant was measured at 485 nm in the spectrophotometer calibrated with ethyl acetate as a blank.
Experiment 3 -A separate experiment was conducted to test the direct effect of AC on rhizomes of P. australis (one rhizome per pot), and M. ericifolia juvenile (one juvenile plant per pot) with the same substrate and AC concentration as mentioned above. There were fi ve replicates per treatment (with and without AC) for a total of 20 pots. Although AC has been considered as an adsorber of organic compounds with allelopathic properties and thus, reduces the negative effects on plants, it has been recently claimed that inference of allelopathy might be complicated by effects of AC on plant growth ( Lau et al., 2008 ) . Therefore, this experiment was conducted to check the direct effects of AC on our experimental plants' growth. After 6 mo of growing, plants were harvested and measured with the above mentioned biometric parameters.
Statistical analyses -Nested analysis of variance (ANOVA) designs were used to test the effects of treatments ( P. australis , AC and cutting of P. australis shoots) on biometric parameters such as total biomass and the partitioning of biomass (aboveground biomass and belowground biomass), maximum root length, maximum plant height, stem diameter, and number of growth points in M. ericifolia . In addition, leaf physiology parameters, such as leaf moisture, leaf dry matter content, and leaf relative water content, chlorophyll a , chlorophyll b , and total chlorophyll of M. ericifolia were analyzed using nested ANOVA designs. Each model included the main effects of P. australis , AC, and their interactions, as well as the effects of cutting (nested within P. australis ), cutting frequency (nested within cutting), and their interactions with AC. Two sample t tests were used to evaluate the differences in soil chemistry (pH, EC, osmotic potential, total phenolic content, and dehydrogenase activity) between treatments both with and without AC. Normality and homogeneity of variance were examined using Levene's test of equality. Data were square root transformed if necessary. Regression procedures were performed to determine the correlations in evaluating the dependence of the M. ericifolia growth pattern with total phenolic content of experimental soil. A signifi cant value of p < 0.05 was used for all analyses. All statistical procedures were performed using IBM SPSS statistics 21.0 (IBM Corporation, NY, USA).
RESULTS
Experiment 1 -P. australis had strong negative effects on germination and growth of M. ericifolia ( Fig. 1 ) . When grown with P. australis , the germination percentage, maximum root length, maximum plant height, number of leaves, and total biomass were inhibited by 56%, 74%, 84%, 58%, and 73% respectively ( Fig. 1 ) . AC treatment signifi cantly increased germination percentage ( Fig. 1 ) , but no signifi cant effects were found on other measured parameters (maximum root length, maximum plant height, number of leaves, and total biomass) ( Fig. 1 ). There was no interactive effect of P. australis and AC on other parameters except germination percentage ( F 1, 8 = 10.37, P < 0.01). The overall effect of AC on the germination and growth of M. ericifolia in competition with P. australis was positive ( Fig. 1 ) .
Experiment 2 -The initial rhizome biomass of P. australis ( t = 0.409, df = 8, P = 0.69), as well as the initial maximum plant height ( t = 1.90, df = 8, P = 0.09), maximum root length ( t = 1.2, df = 8, P = 0.26), aboveground biomass ( t = 1.81, df = 8, P = 0.1), and belowground biomass ( t = 1.27, df = 8, P = 0.23) of M. ericifolia did not vary signifi cantly between treatments with and without AC. The data sets for initial rhizome biomass of P. australis and M. ericifolia have been provided in online Appendix S2. All P. australis rhizomes survived to the end of the experiment and had positive growth, whereas 10% and 15% and AC were mixed properly in a separate container by hand, and then put into the experimental pots for transplantation of P. australis rhizome cuts. The controls pots (only substrate) had no P. australis rhizome cuts. To all of the pots, 1 g/L of mixed pelletized fertilizer (Pivot fertilizer-900, Pivot. Ltd., Victoria 3006, Australia; N-P-K: 16-8-9) was incorporated into the tilled topsoil bimonthly. Pots were kept in a naturally lit greenhouse at 23 ± 3 ° C day and 12 ± 2 ° C night temperatures and watered regularly with an auto-irrigation system equipped by micro-sprinklers at the soil surface to keep soil moist at a level of 55 ± 5%, which is compatible with fi eld soil. Soil moisture was monitored weekly by measuring the water content in soil randomly collected from the pots. Pots were randomly shuffl ed every week to minimize the spatial effects, and unwanted germinant (weeds) were removed regularly.
Experiment 1 -This experiment evaluated the effects of P. australis root exudates on germination and growth of M. ericifolia . Ten replicates with (treatment) and without (control) P. australis were maintained, half of which contained AC. Field-collected M. ericifolia seeds (450 individuals) were distributed evenly in slightly tilled soil around the base of the plant stem in each pot during the vegetative stage of P. australis . Germinated plants were counted after 3 wk, and all plants were harvested for biometric (maximum root length, maximum plant height, and biomass) measurements after 5 mo. In addition, rhizosphere soil from 2 cm below the surface was collected to check the differences between those with and without AC amendment in soil chemistry such as pH, electrical conductivity (EC), osmotic potential, and total phenolic content. With the size of the containers used and the overhead watering, there was little likelihood of variation (gradients) in the pot soil column.
Experiment 2 -On 10 November 2011, the M. ericifolia juvenile plants were planted into the pots (one per pot) to test the differential effects of mechanical control. The pots were subjected to four management strategies: (a) no P. australis plants; (b) P. australis but no mechanical control (no shoot cutting); (c) P. australis with a single shoot cutting (once after 6 wk in a 6 mo growing period); and (d) P. australis with repeated shoot cutting (twice in a 6 mo growing period at 6 wk intervals at the beginning, and then left to grow for the remainder of the time). Shoots of P. australis were cut at 30 cm above the soil surface with a sharp knife. Sixteen replicates of each treatment were used, half of which contained AC. Before planting M. ericifolia , the biometric parameters like above-ground biomass, below-ground biomass, maximum root length, and maximum plant height were measured.
Measurement of variables in plants -
After 6 mo of growth, all plants were harvested ( P. australis and M. ericifolia ) and data were collected for aboveground biomass, belowground biomass, maximum root length, maximum plant height, stem diameter, and number of growth points. Two weeks before harvesting, a small quantity of leaves of M. ericifolia were collected for measuring leaf chlorophyll [chlorophyll a , chlorophyll b , and total chlorophyll] using the method of Inskeep and Bloom (1985) , as well as leaf moisture, leaf dry matter content, and leaf relative water content according to the method proposed by Saura-Mas and Lloret (2007) . These parameters were measured for assessing the leaf physiology of M. ericifolia growing with P. australis .
Measurement of variables in soil -
Rhizosphere soil was collected from every pot, as mentioned above, to check the soil chemistry. The results might be helpful in ratifying the undesired effects due to AC addition, because some previous studies showed that AC may alter the soil chemistry, such as pH, EC, and nutrient availability, which may infl uence plant growth ( Berglund et al., 2004 ; Weißhuhn and Prati, 2009 ) . Total phenolic content of soil was measured according to Singleton and Rossi (1965) with little modifi cation, and gallic acid was used as the standard. Briefl y, 100 mg air-dried sieved soil (0.5 mm) was transferred to an Eppendorf tube with the addition of 5 mL 70% acetone and incubated at 4 ° C for 1 h to extract phenolics. Extracts were centrifuged at 250 Hz for 10 min at 4 ° C, followed by transferring 0.5 mL of the supernatant into a test tube to make 1 mL with distilled water. Then, 5 mL of 2% Na 2 CO 3 in 0.1 N NaOH was added and mixed using a vortex mixer (Vortex Mixer, VOU1, Ratek Instruments Pty. Ltd., Melbourne, Victoria, Australia). After that, 0.5 mL FolinCiocalteu reagent was added and mixed. After 2 h, absorbance was read at 760 nm with a UV/ Visible spectrophotometer (Biochrom Libra S12, Cambridge, UK). Soil pH was measured with a pH meter (Pocket digital pH meter, 99559, Dick Smith Electronics, Australia) and EC with a conductivity meter (TPS digital conductivity meter, 2100, TPS Pty Ltd., Brisbane, Queensland, Australia). Osmotic potential was calculated using the equation (Osmotic potential = EC × −0.36) according to McIntyre (1980) . Soil dehydrogenase activity [Vol. 101 belowground biomass (93%), maximum root length (64%), maximum plant height (43%), stem diameter (43%), and number of growth points (88%) of M. ericifolia were reduced when growing with P. australis without AC ( Figs. 2 and 3 ) . The addition of AC had contrasting effects on the interactions between P. australis and M. ericifolia , but in most of the cases, it reduced the negative effects of P. australis on M. ericifolia growth parameters ( Figs. 2 and 3 ) . The interactions of AC and P. australis were not signifi cant on other measured growth parameters except stem diameter ( Table 1 ). The AC increased the growth parameters of M. ericifolia such as aboveground biomass (33%), belowground biomass (27%), total biomass (33%), maximum root length (23%), stem diameter (20%), and number of growth points (50%) except maximum plant height. Mechanical control signifi cantly reduced the aboveground biomass, belowground biomass, number of shoots, and maximum plant height of P. australis , and consequently, increased all measured parameters of M. ericifolia ( Tables 1, 2 , and 3 ; Figs. 1, 2 , and 3 ). Single cuttings of P. australis suppressed aboveground biomass (27%), belowground biomass (18%), number of shoots (30%), and maximum plant height (7%) of P. australis and increased aboveground biomass (27%), belowground biomass (7%), maximum root length (22%), stem diameter (9%), and number of growth points (24%) of M. ericifolia . However, double cutting reduced aboveground biomass (43%), belowground biomass (39%), number of shoots (39%), and maximum plant height (10%) of P. australis , and increased aboveground biomass (86%), belowground biomass (57%), maximum root length (42%), maximum plant height (36%), stem diameter (50%), and number of growth points (182%) of M. ericifolia . In the case of P. australis growth parameters (aboveground biomass, belowground biomass, and number of shoots), no signifi cant differences were found between the same cutting treatment with and without AC ( Fig. 4 ) , whereas most of the measured parameters of M. ericifolia were varied signifi cantly ( Figs. 2 and 3 ) . Again, among leaf physiology variables of M. ericifolia , leaf dry matter content, and leaf relative water content were signifi cantly affected when grown together with P. australis without AC ( Table 2 ). The addition of AC and cutting treatments had no signifi cant changes on the measured variables ( Table 2 ) .
Soil chemistry -Values of pH ( t = 1.631, df = 22, P = 0.11), EC ( t = 0.168, df = 22, P = 0.86), and osmotic potential ( t = 0.168, df = 22, P = 0.86) did not differ between treatments with and without AC except total phenolic content ( t = 6.19, df = 22, P < 0.001), and dehydrogenase activity ( t = 2.48, df = 22, P = 0.02) ( Fig. 5 ) . Total phenolic content was signifi cantly higher juveniles of M. ericifolia with AC and without AC treatments, respectively, died, but they were replaced within 1 wk of the adjustment period.
Aboveground biomass, belowground biomass, maximum root length, maximum plant height, stem diameter, and number of growth points of M. ericifolia were suppressed when grown with P. australis , either with or without AC ( total biomass, maximum root length, maximum plant height except stem diameter and number of growth points) (all p > 0.5). The actual data are provided in online in Appendix S3.
DISCUSSION
Plant-plant interactions have been explained not only with resource competition, but also allelopathic potential has been considered, in particular for invasive plant species ( Rice, 1984 ; Nilsson, 1994 ) . Although considerable doubt continues to separate resource competition from allelopathy ( Inderjit and del Moral, 1997 ) , it is important to determine the relative contribution of those mechanisms in invasion process in ecosystems ( Nilsson, 1994 ) . While it is established that P. australis , through direct competition for light, space, and nutrients, can greatly inhibit germination and suppress the growth of M. ericifolia seedlings ( Robinson et al., 2006 ; Morris et al., 2008 ) , this study shows that allelopathy may also contribute in suppressing M. ericifolia , although the infl uence was relatively lower. Our fi ndings of substantial negative impact by P. australis on most measured germination and growth parameters of M. ericifolia in all treatments without AC compared to with AC ( F 1, 14 = 92.95, P < 0.001). Cutting treatments signifi cantly decreased the total phenolic content in soil ( F 1, 14 = 12.90, P = 0.003), but there were no interactive effects (AC × mechanical control) ( F 1, 14 = 0.01, P = 0.924). There were no signifi cant correlations between total phenolic content of soil and the growth parameters of M. ericifolia except chlorophyll a ( F 1, 6 = 7.41, P = 0.034; r 2 = 0.55) and total chlorophyll content ( F 1, 6 = 6.21, P = 0.046; r 2 = 0.51). Dehydrogenase activity was signifi cantly changed in AC ( F 1, 6 = 61.35, P < 0.001) and cutting treatments ( F 1, 14 = 22.63, P < 0.001), but no signifi cant interaction was observed between AC and cutting treatments ( F 1,14 = 0.73, P = 0.405). Strong positive correlation between total phenolic content and dehydrogenase activity ( r = 0.54, n = 18, P < 0.05) was found.
Experiment 3 -The direct effects of AC on experimental plants showed that there was no signifi cant effect on the measured parameters of P. australis (aboveground biomass, belowground biomass, number of shoots, and maximum plant height) and M. ericifolia (aboveground biomass, belowground biomass, these effects were modestly improved by the use of AC, particularly when P. australis was cut twice, but even there the biomass was still reduced by more than 75% compared to the control. On the other hand, biomass of M. ericifolia doubled because of the addition of AC in soil substrates and the twice cutting of P. australis ( Fig. 2B ) , which supports an involvement of allelopathy in the growth effects of M. ericifolia . However, based on these whole comparisons between direct competitive and allelopathic effects, it still seems that the direct competitive effects were much greater than the allelopathic effects.
The addition of AC in this type of study could help differentiate allelopathy from resource competition by focusing solely on the presence or near-absence of allelochemicals. Despite some evidence of undesired effects in using AC for testing allelopathy ( Weißhuhn and Prati, 2009 ) AC has been successfully applied to examine the allelopathic interactions in a number of studies ( Hierro and Callaway, 2003 ; Gómez-Aparicio and Canham, 2008 ) , and has been recommended as an effective approach for allelopathy studies ( Inderjit and Callaway, 2003 ) . We used single doses of AC, like other previous studies, for testing allelopathy interactions ( Callaway and Aschehoug, 2000 ; Siemens and Blossey, 2007 ; Murrell et al., 2011 ) , but a wide range of dosages might provide more precise indications of allelopathic effects. Furthermore, the quantity of AC we used in our experiments might be insuffi cient to neutralize the allelopathic effects of P. australis because we found in some cases, insignifi cant positive effects of AC addition on the growth of M. ericifolia. P. australis had signifi cant negative effects on leaf dry matter content and leaf relative water content of M. ericifolia with a variation between treatments-a fi nding supported by other studies that found a negative effect of natural phytochemicals on leaf physiology ( Wilson et al., 1999 ; Kittelson et al., 2008 ;  ( Fig. 1 ) are consistent with other studies of Rudrappa et al. (2007) who found similar effects of P. australis on Arabidosis thaliana with a positive effect in AC treatments. M. ericifolia juvenile plants were sensitive to root exudates of P. australis in terms of mortality observed on P. australis in pots during the early stage of its growth. The contrasting effects of AC on competition of M. ericifolia against P. australis indicate that M. ericifolia might be suppressed through root-mediated allelochemicals produced by P. australis along with other interactive mechanisms. Morris et al. (2008) , who carried out competitive trials in soil, suggested that the growth of M. ericifolia might be infl uenced through P. australis root exudates and alteration of soil microbes, although they did not examine either. In addition, Rudrappa et al., (2007) reported that the rootsecreted allelochemical, gallic acid, may be responsible for the invasion of P. australis , but recently, Weidenhamer et al. (2013) contradicted the fi ndings and demonstrated that gallic acid is not the primary explanation for invasion of P. australis .
In our study, the statistical effects of AC addition on the germination and growth of M. ericifolia (Experiments 1 and 2) were signifi cant for many variables, but the magnitude of the effect did not seem to support a dominant role for allelopathy compared to other mechanisms. Our statement is based on two facts. (1) The reductions in germination, root length, shoot length, and biomass of M. ericifolia ( Fig. 1 A, B , C ) were more noticeable in the presence of P. australis , but in contrast, the modest increases in those variables due to AC addition suggest a dominant role of resource competition by P. australis . (2) Figs. 2 and 3 (Experiment 2) showed a similar negative effect of P. australis on the growth of M. ericifolia . For example, there was a huge biomass reduction (> 80%) in M. ericifolia growth in the presence of P. australis both aboveground ( Fig. 2A ) and belowground ( Fig. 2B ) , and direct effects of AC on the growth of P. australis and M. ericifolia , but soil total phenolic content and dehydrogenase activity varied signifi cantly between treatments. This variation between treatments with and without AC was attributable to adsorption of phenolics by AC. Finally, higher phenolic content was observed in soil with the presence of P. australis , and that AC effectively reduced soil phenolic levels to concentrations at or below levels without the presence of P. australis and AC in the soil ( Fig. 5B ) . However, even with levels of phenolics "controlled" in this manner by the addition of AC, the effect of P. australis on M. ericifolia growth was substantial suggesting that allelopathy did not play a dominant role for the suppressing effects by P. australis . Moreover, it has been suggested that soil microorganisms might play an important role in infl uencing the bioavailability of allelochemicals in soil ( Inderjit, 2005 ; Ehlers, 2011 ) , which could be achieved by the addition of microbial inoculum in experimental soil substrate collected from P. australis grown fi eld. In addition, Inderjit and Callaway (2003) recommended fertilizing pots to minimize the trace concentration of nutrients contributed by AC. We, therefore, used nutrients in addition to a nonsterile mixture of sand and potting mix in our experiments to minimize the other direct competing factors following the studies of Ridenour and Callaway (2001) . Hussain and Reigosa, 2012 ) . Our fi ndings also support the results of Callaway et al. (2005) who reported similar effects of invasive plants on neighboring plant species. Leaf physiology may respond to resource availability, as well as surrounding plant diversity and the presence of invaders ( Kittelson et al., 2008 ) . Our results related to leaf physiology revealed the patterns of resource uptake and the parameters also might be linked with phenolic compounds produced by P. australis . The results might be useful for quantifi cation of the overall impacts including allelopathic effects by an invader through measuring the variation of plant function and resource availability.
Soil dehydrogenase activity was amplifi ed with an increase in soil total phenolic content and potentially led to fostering the soil microbial activity ( Wu et al., 2009 ; Zhou and Wu, 2012 ) . Conversely, AC addition reduced total phenolic content in soil and consequently, dehydrogenase activity was decreased, which are in agreement with other studies ( Zackrisson et al., 1996 ; Berglund et al., 2004 ; Weißhuhn and Prati, 2009 ). In our studies, soil total phenolic content reduction coupled with increasing cutting frequency suggests that aboveground biomass may play an important role for changing the plant chemistry and consequently, soil biological activity. In addition, we found no In general, established P. australis stands are very dense with persistent canopies that reduce the access of light and therefore inhibit germination ( Robinson et al., 2006 ) and growth of associated plant species, M. ericifolia ( Thompson and Shay, 1985 ) . In our experiment, the direct cutting effect of aboveground biomass in P. australis increased the growth and biomass of M. ericifolia suggesting that increased access of light coupled with the reduced ability to produce allelochemicals may change the overall plantplant biochemical interactions. Furthermore, reduced belowground biomass of P. australis with cutting frequency indicates that both above-and belowground competition by P. australis limits the growth of associated plant species. This is supported by Murrell et al. (2011) who found that Fallopia bohemica was suppressed by shoot cutting of the species that signifi cantly reduced allelopathic effects on its neighboring species. Although some studies showed higher amounts of allelochemical production by similar treatments on invasive species ( Bernstein and McLean, 1980 ; Warren et al., 2001 ), we could not fi nd any increase in allelochemical production in relation to cutting in the case of P. australis , thereby demonstrating that cutting may be suggestive to manage P. australis from an ecological point of view.
In summary, our results suggest that P. australis had less, but distinct, allelopathic effects on germination and growth of M. ericifolia , compared with other direct competitive effects such as resource competition. These effects might confer a portion of the competitive success of P. australis . Mechanical control of P. australis -an ecologically safe technique-reduced more phenolics content in soil compared with AC addition, thereby demonstrating that biomass removal would be more effective for reducing allelopathic potential than the addition of AC. Based on overall results, we can conclude that above-and below-ground competitions are not the sole mechanism responsible for invasion of P. australis or suppression of M. ericifolia , but a relatively low involvement of allelopathy has been acknowledged for its invasion success in comparison to other competitive effects. In addition, this study demonstrated that the integrated approach (regular cutting and potential soil amendments with AC) might be useful as an ecological restoration technique for management of wetlands invaded by P. australis . More sophisticated and multifactorial approaches, such as chemical identifi cation of root exudates and their effects, microbial activities associated with allelopathic effects in soil, and separation of allelopathic effects from other competitions in natural settings are essential for understanding and predicting invasion of P. australis in wetlands.
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